Introduction
The iron and steel metallurgy industry is one of the key emission sources of greenhouse gas. 1, 2) Production of metallic iron through the molten oxide electrolysis (MOE) process using inert electrode is an alternative route of ironmaking to eliminate CO 2 emissions. [3] [4] [5] [6] [7] However, it causes such problems as low efficiency of electrolysis (to 30%), 5) difficulty in the selection of candidate anode materials 6) and controlling side reaction and so on. In order to overcome these disadvantages of the electrolysis, a zirconia based solid electrolyte with strong selective permeability for oxygen ions can be employed to constitute the electrolytic cell and isolate the cathode and the anode during electrolysis. In the electrolytic cell the zirconia membrane is used as a medium guiding a directional oxygen flow, the oxygen ions from molten oxide are transferred through the membrane by applying an external voltage between the electrodes, and then an electrolytic method with controlled oxygen flow (COF) is built up. 8) Pal and his co-workers have described this new metallurgical method as the solid-oxide oxygenion-conducting membrane (SOM) process. [9] [10] [11] [12] [13] [14] With this September 15, 2015) This paper reports on electroreduction with controlled oxygen flow (COF) for extraction of iron along with oxygen by-product from molten slag containing FeO at 1 723 K. An electrolytic cell with COF was constructed by a cathode and a porous platinum anode sintered on a one-end-closed magnesia partially stabilized zirconia based solid electrolyte tube. The process for electroreduction with COF was analyzed. Effect of applied voltage on electroreduction behavior of FeO in SiO 2 -CaO-Al 2 O 3 -MgO molten slag with iron rod serving as cathode was investigated by means of the linear sweep and the potentiostatic electrolysis. The possibility of zirconia membrane as conductive noncorrosive anode material was also discussed. The results show that decreased oxygen partial pressure in anode atmosphere can contribute to lower decomposition voltage of FeO in molten slag. Higher applied voltage results in better effect of FeO electroreduction. Electrolytic product can be pure iron with dendrite or ferrosilicon alloy based on applied voltage. Besides, the phase transformation of zirconia grain and the slag penetration can lead to an increase of electronic conductivity of the zirconia membrane. The corrosion of the molten slag to the zirconia membrane during electrolysis is evidently aggravated by large the applied voltage. In order to obtain pure iron and minimize the corrosion of the molten slag to the zirconia membrane under this condition of experimentation, the applied voltage of 1.5 V is preferred.
Effect of Applied Voltage on Electroreduction with Controlled Oxygen Flow of Molten Slag Containing FeO at 1 723 K
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principle and method, they have extracted the desired metals such as Mg, Ti, Ta and so on from their respective oxide containing molten salt systems at a temperature not more than 1 473 K, the production of some metals has proven to be promising in the laboratory or even at a pilot scale. Gao has also obtained Fe from iron oxide containing molten slag systems at higher temperatures. 15, 16) As a new emerging green metallurgical technique, the electrolysis with COF has many advantages such as high efficiency of electrolysis (near 100%), 11) less interference, compact route with emission of oxygen by-product.
Galvanic cells containing zirconia based solid electrolyte are used for a number of scientific and technological applications at high temperatures and these applications can be classified according to the mode of operation of the electrochemical cells. 17) It is well known the oxygen sensors containing zirconia based solid electrolyte are utilized extensively throughout the steelmaking process [18] [19] [20] [21] [22] and several investigators have also explored the use of zirconia probes to measure the activity of FeO x within the slag phase. [23] [24] [25] [26] [27] [28] In these applications, the cells are operated in an equilibrium mode and the open circuit voltage (OCV) is measured. In other applications, a dynamic mode of operation is employed and the close circuit current or voltage is measured as a function of time. Cells operating in this manner have been used in such applications as diffusion coefficient measurements [29] [30] [31] [32] [33] and electrolysis with COF which includes electrolytic refining of molten metal [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] and the above mentioned extraction of metal from molten salt systems. [9] [10] [11] [12] [13] [14] 44, 45) However, little work has been done on extraction of metal from high-temperature molten oxide systems. One of the reasons may be attributed to the experimental difficulties associated with the operation of hightemperature electrochemical cells, which undergo problems with chemical stability of zirconia based solid electrolyte, electrodes and cell container.
The use of zirconia based solid electrolyte membrane is important in electrolysis process with COF, which not only guides a directional oxygen flow, but also provides a possible way to obtain conductive noncorrosive anode material. Recent studies suggest that SiO 2 -CaO-MgO-Al 2 O 3 slag system is hopefully used as potential medium for extraction of electrolytic iron. 3, 4, 16) In this work, an electrolytic cell with COF was constructed by a cathode and a porous platinum anode sintered on a one-end-closed magnesia partially stabilized zirconia based solid electrolyte (MSZ) tube. Effect of applied voltage on electroreduction behavior of SiO 2 -CaO-MgO-Al 2 O 3 -FeO molten slag contained in MSZ tube was investigated with the electrolytic cell by means of the linear sweep and the potentiostatic electrolysis at 1 723 K, and the corrosion of the molten slag to the zirconia membrane was also examined during electrolysis. This work will act as a foundation for investigations of electroreduction with COF for extraction of metal along with oxygen by-product from molten slag at high temperatures.
Experimental

Preparation of Slags
Mother slags for the experiment were prepared from the analytical reagents (ARs) such as CaCO 3 , SiO 2 , Al 2 O 3 and MgO calcined at 1 223 K for 6 h in a muffle furnace. FeO was directly added into the mother slags in the form of ferrous oxalate (AR) powder. 46) Chemical composition of the slag was 25.2% CaO-42.3% SiO 2 -8.1% Al 2 O 3 -14.4% MgO-10% FeO (in mass) with basicity B = CaO %/SiO 2 % = 0.6 and low melting point of about 1 573 K (estimated by the thermodynamic software FactSage 47) ). The above mixed powders were melted in an alumina crucible with high purity at 1 673 K for 1 h under purified Ar gas, and then quenched in water. The pre-melted slag was collected and placed in silica gel contained desiccator for ready use.
Construction of Electrolytic Cell
The electrolytic cell consists of a one-end-closed MSZ tube and two electrodes, the schematic structure of electrolytic cell is shown in Fig. 1 
Experimental Methods
For the convenience of operation, the MSZ tube was extended with a long alumina tube (15 mm inner diameter, 80 mm in length) by high-temperature cement, and the electrolytic cell unit was vertically placed to the constant temperature area in the vertical tube furnace heated by MoSi 2 elements. The purified dry argon was introduced into the chamber of the furnace and the MSZ tube at a flow rate of 400 mL/min and 40 mL/min respectively. The furnace was programmed to heat at the rate of 5 K/min to 1 723 K. At the same time of holding temperature, a CHI1140A type electrochemical workstation (produced by Shanghai CH Instruments Co., Ltd, China) was connected to the electrode leads. While the iron rod tip electrode lowered, the exact contact point of electrode and the slag surface was determined by observing sudden change of OCV vs time recorded in real-time. Then the iron rod tip electrode was slowly inserted in the slag to a depth of 7-8 mm (exercise extra care not to contact the inner wall of the MSZ tube). After the OCV was stabilized, a linear sweep voltammetry (LSV) was performed. The potential was swept with rate of 0.01 V/s in the cathodic direction from the measured OCV to 3.0 V. Subsequently, the argon in the chamber of the furnace was switched to the air with the flow rate still at 400 mL/min, and it was visible that the OCV changed with time during gas switching. The same OCV and LSV were respectively performed again under the condition of the air as the anode atmosphere. Lastly, the potentiostatic electrolysis was conducted while the applied voltage was based on the linear sweep curve.
The experiment ceased in the case of a sudden drop or long-time minor variation in the external current during potentiostatic electrolysis. The sudden drop in the current indicated the electrode might be damaged, while long-time minor variation indicated the reduction reaction of the FeO in the molten slag was basically completed. The furnace was cooled down to room temperature. The cells were cut open, and photos of all samples were taken directly with digital camera. The residues were examined by scanning electron microscope (SEM) (Nova 400 Nano) and the energy dispersive X-ray spectrometer (EDS) (INCAIE 350 Penta FET X-3). It was not convenient to make further detection on the electroreduction effect of the FeO with any other technique due to small slag amount used in this work.
Theoretical Analysis of Electrolysis Process
The molten slag (supporting electrolyte) can be considered mainly as an ionic melt conductive via such positive ions as Ca 2 + , Mg 2 + and so on, 48) thus the transference number of O 2 − is small in the molten slag and the O 2 − transfers mainly through diffusion. In the MSZ solid electrolyte membrane, however, the O 2 − transference number is close to 1 when the membrane is exposed in the air, and the O 2 − transfers mainly through electromigration.
Assumed that the FeO is the only electroactive species in the molten slag under the condition of the experiment described herein. Based on the principle of electroreduction with COF, 8) in case of electrolysis with applied voltage, the Fe 2 + in the molten slag diffuses toward the cathode, and the Fe 2 + is reduced at the cathode. The cathodic reaction is given by Eq. (1). The overall transformation during applied voltage can be described by Eq. (3). 
. (3′)
Therefore, oxygen gas is evolved at the anode and iron is obtained at the cathode. The Gibbs free-energy change for Eq. (3′) is given by Eq. (4). The symbols used in this paper are defined in the Appendix.
The value of a Fe is 1 when pure iron rod is used as the cathode. At a given FeO content in molten slag, the value of a FeO can be obtained through theoretical calculation by thermodynamics software FactSage. 47) Under the condition of the air as the anode atmosphere, p O anode For convenience, the conduction mechanism in the cell can be explained using an equivalent circuit model under the condition of applied DC voltage. 10, 12, 14, 16) It is considered that the effect of capacitance might exist more or less in the actual process. However, as the preliminary study for the electroreduction of molten slag, the terms of capacitors are neglected in the equivalent circuit. In general, the overvoltage, associated with the reaction step of mass transfer or charge transfer, is represented by a resistance, and the MSZ membrane and the molten slag are treated as mixed conductor conductive via ions and electrons. Considering the slag in series with the MSZ membrane, the cell equivalent circuit representing all the voltages and the resistance elements is shown in Fig. 2 . The relation between the current in all parts of the circuit and the resistance and the voltage can be derived as shown in Eqs. (8) to (11) where R 1 and R 2 are defined in Eqs. (12) and (13) The electroreduction rate of the FeO in the slag has a close relationship with the oxygen ionic current flowing through the MSZ membrane. The larger the oxygen ionic current, the faster the FeO reduces. It is necessary for electroreduction of the FeO in the slag that the oxygen ionic current should be more than zero. Hence, the minimum applied voltage can be determined as shown in Eq. (14) based on Eq. (9) .
The presence of an electronic current acts as an internal short in the electrolysis process. It is obvious that internal electronic current (I e ) can decrease process efficiency. The MSZ membrane is a known oxygen ionic electrolyte under the air, so it blocks electronic current, and it has a very high electronic resistance ( R ZrO e 2 ). Consequently, Eq. (9) can be simplified as Eq. (15) for the ideal case where the MSZ membrane exhibits pure ionic conduction. The charge transfer resistance may be assumed to be negligibly small at high temperatures. Since R ZrO e 2 is very large, there is no internal electronic current (I e ) flowing through the MSZ membrane. In this case, the oxygen ionic current (I O 2−) is approximately equal to the external current (I ex ). The applied voltage overcomes the Nernst voltage to decompose the FeO in the slag and transport the oxygen ions, and results in oxygen ionic current depending on the total ohmic resistance (R ohmic ) and impedances associated with overvoltage in the cell.
The above equations and the cell equivalent circuit give the complex relations of the oxygen ionic current ( I O 2−) and some factors such as
A, R ohmic , R mt and so on. It provides a theory foundation on the electroreduction with COF. In order to increase the oxygen ionic current and accelerate the electroreduction rate, some measures can be taken based on the above relations. For examples, the oxygen ionic current flowing through the cell will increase with the increase of E ap and the decreases of E n or R ohmic . These observations can be noticed during the electrolysis experiments. It is likely to develop further the overall kinetics model of the reaction to describe the process of electroreduction. 49) However, due to the lack of relevant data and some accurate parameters such as A cathode , R mt , R ohmic , R 2 and so on variation with the proceeding of electrolysis, it is still difficult to give an exact quantitative description of electroreduction process in this work.
In the next section, a practical example for extracting metallic iron with COF from the slag by using iron rod as the cathode will be given to depict qualitatively simple application of these relations. In order to minimize the potential corrosion of the molten slag to the MSZ tube, the slags with low basicity were investigated, the operation temperature was set to be 1 723 K and solid iron could be obtained at the cathode.
Results and Discussion
Linear Sweep Curve
It is well known E n for galvanic cell containing zirconia based solid electrolyte depends on the oxygen chemical potential between the electrodes. When the oxygen ionic transference number in the MSZ membrane equals 1 in an ideal case, the decomposition voltage of FeO contained in the slag, namely, the minimum applied voltage, equals E n based on the thermodynamic view point. Therefore, the decomposition voltage of FeO can be determined by extrapolation of the ionic current of straight line part of the current-voltage response curve to zero. the cross-point of the second straight line and the horizontal axis of sweep curve under the condition of the argon and the air anode atmospheres are 1.18 V and 1.52 V respectively, which, after correction of with thermo-electromotive force, derived the decomposition voltages of SiO 2 under the condition of the argon and the air anode atmospheres are about 1.20 V and 1.54 V respectively. Due to alloy formed by silicon-iron reaction, 51) the value of the decomposition voltage of SiO 2 under the condition of the air anode atmosphere is less than 1.58 V from calculation with thermodynamics software FactSage 47) when the activity of silicon is 1. Generally, with higher oxygen partial pressure in the anode atmosphere, the decomposition voltage of FeO increases, this is adverse to electrolysis.
Electrolysis Current-time Curve
Under the condition of the air as the anode atmosphere, the variation curve of current with the time for the electroreduction with COF at different applied voltages is measured, as shown in Fig. 4 .
It's obvious that under the same condition, higher applied voltage results in high current following through the electrolytic cell system, which is in consistent with the above theoretical analysis and the results of the linear sweep. Under the condition of different applied voltages, the current decreases with time of electrolysis, indicating continuous decrease of the content of FeO in the slag during further electrolysis. Figure 5 illustrates cut experimental samples after electrolytic reduction. No noticeable changes were observed for the MSZ tubes used. Besides, the electroreduction effect of the FeO in the slag could be roughly determined by contrast of the color of the residues and the analytic results of the EDS.
Macroscopic Observations
It is well known the original slag containing 10 mass% FeO is black. It's found from the color variation of the residue that, for the slag with the same initial content of the FeO, when the applied voltage is 3 V, the residue becomes white, indicating full reduction of the FeO; in addition, silicon should also be deposited, which is reasonably inferred from the above measured decomposition voltage of SiO 2 . However, due to alloying between the silicon and the reduced iron, 51) ferrosilicon with low melting point was produced; it precipitated and came off the iron rod cathode, leading to instable area of the cathode and fluctuation of the current curve, as shown in Fig. 4 . Further alloying between the silicon and the iron rod could make the iron rod cathode melt, damage the cathode and even lead to interruption of electrolysis. The precipitation of ferrosilicon also resulted in formation of a pit in the slag after electrolysis, as shown in Fig. 5 . This can be confirmed by the found ferrosilicon alloy bead in the slag in the next section (4.4) . When the applied voltage is 2 V, the color of the residue basically becomes white, except light green in surrounding area of the MSZ tube wall apart from the iron rod (the green residue indicates low content of the FeO in the slag), and precipitation of metallic iron is visible in the residue around the iron rod cathode. Due to major fluctuation of current curve as shown in Fig. 4 , it's inferred that SiO 2 reduction is likely to occur near the cathode. When the applied voltage is 1.5 V, the color of the slag inside becomes lighter than before electrolysis, together with precipitation of metallic iron around the iron rod cathode, indicating incomplete reduction of the FeO in the slag. However, the color of the slag surface is black, indicating slight oxidation of the FeO in the slag surface. When the applied voltage is 1 V, although the color of the residue becomes slightly lighter, electrolytic effect is the least favorable in contrast with that at the other three ratings of applied voltage. Furthermore, the color of the slag surface is red, indicating oxidation of the FeO in the slag surface. It is inferred there was a leakage of air from the anode side during experiment. The iron rod cathode should not be much affected by oxidation since it was inserted into molten slag prior to switching the argon to the air in the chamber of the furnace. Figure 6 illustrates SEM images and related EDS analyses at slag/cathode interface after electrolysis with applied voltage of 1 V, 1.5 V and 3 V respectively. It should be noted that the EDS analysis can give only semiquantitative results due to the uncertainties of EDS-measurements in a certain range.
Microscopic Observations
When the applied voltage is 1 V, as shown in Fig. 6(a) , a small amount of dendrite (The EDS indicates pure iron) is precipitated around the iron rod cathode, and the content of FeO in the slag is still high. When the applied voltage is 1. V, as shown in Fig. 6(b) , much more iron dendrite is precipitated, and the EDS analyses indicate no sign of silicon precipitation on iron dendrite. Therefore, the cathodic reaction can be given by Eq. (1) when the applied voltage is 1 V or 1.5 V. The iron cathode rod became thinner (the diameter about 1.5 mm in Figs. 6(a) and 6(b)) not because it was dissolved into slag but because the tip of the iron cathode rod was observed. When the applied voltage is 2 V, silicon in high content is found on the iron rod cathode, and no iron dendrite is visible. This is the case when the applied voltage is 3 V, and ferrosilicon alloy bead is occasionally found in the residue, as shown in Fig. 6(c) . It's inferred that, the silicon could precipitate on the iron dendrite or the iron rod, and react with the iron substrate to form Si-Fe alloy with low melting point, leading to broken iron dendrite and even the iron rod, dispersed deposit in the slag. Consequently, no iron dendrite is observed on the cathode. This can be further confirmed by the observations of broken iron dendrite at the interface between the zirconia membrane and the slag with the applied voltage of 3 V in the later part of this section. Besides, it can be found by the EDS analyses that the FeO content in the slag decreases with an increase of the applied voltage, and is not even detected when the applied voltage is 3 V, indicating the electroreduction effect of the FeO in the slag is in consistent with that determined from the color of the residues. Therefore, when the applied voltage reaches 2 V, the cathodic reaction can be given by Eq. (17) 
. (17′)
From the above observations, it is found that the morphology of the precipitate is influenced by the applied voltage. The applied voltage corresponding to different precipitates is in excellent agreement with the above respective measured decomposition voltage. The electrode area was constantly changing due to the precipitates in the process of electrolysis, and this is one of the reasons which the kinetics model cannot be used to describe quantitatively the process of electroreduction in this work.
When the applied voltage is 1 V or 1.5 V, considering silicon did not precipitate during electrolysis, the reduction ratio of the FeO can be calculated according to Eq. (18). ∫ is calculated by integrating the area under the measured current vs time plot in Fig. 4 . Therefore, the curve of the FeO reduction ratio vs time can be obtained as shown in Fig. 7 . However, the final reduction ratio of FeO for the applied voltage of 1.5 V is found to be above 100%. This is obviously unreasonable.
The electrolysis experiments in Fig. 4 have been compared to a static experiment in which a MSZ tube inside loaded the slag for 3 hours without electrolysis. No current passed through the membrane in the static experiment. Figure 8 shows SEM images at low magnification of the interface between the zirconia membrane and the slag after these experiments. It can be observed, when the applied voltage does not exceed 2 V, the interfaces between the zirconia membrane and the slag are smooth and clear by and large, and the zirconia microstructure integrity is held, as shown in Figs. 8(a)-8(d) . However, when the applied voltage is 3 V, the inner surface of the zirconia membrane directly in contact with the slag is severely damaged, the zirconia microstructure is disaggregated, the slag penetrates evidently and the zirconia grains come apart into the slag, as shown in Fig. 8(e) . Since broken iron dendrite can also be found in the disaggregated zone, the disaggregation of the zirconia was caused during electrolysis. Figure 9 shows SEM images at high magnification and related EDS analyses corresponding to Fig. 8 , together with an image of blank zirconia taken from the upper part of the zirconia tube without being exposed to the slag in the static experiment. The image of blank zirconia is described as Fig.  9 (a 0 ). It can be seen in Fig. 9 (a 0 ) the zirconia microstructure is characterized by the presence of big and small grains. In addition, there are also some microscopic pores. On the whole, small grains evenly distribute around big grains. The EDS analyses show the big grain contains Zr, O and a small amount of Mg elements, indicating MgO has solubilized in ZrO 2 grain and a cubic solid solution is formed. Hence the big grain is attributed to cubic or tetragonal zirconia. But the small grain contains Zr and O elements and is attributed to tetragonal or monoclinic zirconia with trace or no MgO. In Fig. 9(a) , the zirconia microstructure still consists of big and small grains. The small grain remains unchanged. However, the big grain has changed a little, and cellular tissue can be observed in the big grain, especially in its periphery. The cellular tissue contains Si, Ca, Fe etc. besides Zr and O elements, but the central part of some bigger grains still contains Zr, O and Mg elements. These results indicate SiO 2 , CaO, FeO, and/or MgO components in the slag have penetrated into the zirconia membrane via grain boundaries and microscopic pores, where they interact with the big grains from the grain boundaries to the centers and the cellular tissue is formed in the big grains. Similar cellular tissue can also be found in the zirconia grain after the electrolysis experiments with different applied voltages, as shown in Figs. 8 and 9 (b)-9(e). In fact, the interaction is on draining the MgO stabilizing agent out of the zirconia grain, which induces a phase transformation of the zirconia grain from the cubic or tetragonal phase into the monoclinic phase. The phase transformation phenomenon in stabilized zirconia based ceramics has also been observed by several researchers and may be considered as the most important cause of ceramics corrosion in slag. [52] [53] [54] Therefore, one of the corrosion processes of zirconia membrane in this work can be described: the slag penetration into the zirconia membrane, the leaching of the MgO stabilizing agent from the cubic into the slag and transformation of exposed grains to monoclinic zirconia. Besides, the partial dissolved zirconia crystals can be observed at the interface between the zirconia membrane and the slag, and the corresponding grain shows an irregular shape with a serrated border, as shown typically in Fig. 9(b) . This can be considered as another corrosion process in this work. This corrosion is more likely to occur in slag with high FeO content. No interfacial product is found at the interface between the zirconia membrane and the slag. This is important for maintaining the motion of oxygen ions during electrolysis with COF. However, the characteristic of the inner surface of zirconia membrane directly in contact with the slag at the applied voltage of 3 V is different significantly from one at the applied voltage not more than 2 V. A disaggregated zone of the zirconia is presented. As previously mentioned, it can be inferred the presence of the disaggregated zone has to do with the applied voltage during electrolysis. Some studies [55] [56] [57] suggested that applying a voltage to porous refractory-liquid oxide system could change the interfacial characteristics of the liquid oxide penetration. Thus the significant acceleration of the penetration of the slag is presumably caused by a decrease of interfacial tension at the slag-zirconia membrane interface when the applied voltage is 3 V. Thus the zirconia grain is surrounded by more slag. On the one hand, the partial dissolved zirconia crystals causes the loose among grains at the slag-zirconia membrane interface; on the other hand, the MgO stabilizing agent becomes more prone to loss. When the decrease of the MgO content of the grain due to the leaching of the stabilizing agent into the slag reaches a critical value, the cubic or tetragonal zirconia transforms into the monoclinic zirconia. The phase transformation with an accompanied volume expansion resulted in disintegration of a big grain, that is, a big grain splinters into a great deal of fine grains. These new monoclinic grains are scattered in the slag, which also causes further loose among grains. Subsequently, with the aid of the slag, the disaggregated zone of the zirconia is formed and expands from the interface between the zirconia membrane and the slag, as shown in Fig. 9(e) . However, why this effect is not observed evidently at lower voltages is not clear and requires further study.
It is well known molten slag containing FeO exhibits certain electronic conductivity. 48, 58, 59) It is inferred that slag penetration into the zirconia membrane and the phase transformation with an increase of the monoclinic phase amount can induce an increase of electronic conductivity of the zirconia membrane. Thus the external current (I ex ) is actually the sum of the pure oxygen ionic current ( I O 2−) and the internal electronic current (I e ) passing directly through the MSZ membrane as shown in Fig. 2 . Obviously I ex is greater than I O 2−, this is the primary reason that the final reduction 
ratio of FeO calculated by the Eq. (18) is excessively high in Fig. 7 when the applied voltage is 1.5 V. It should be noted that I e could not be measured directly in real time, and does not have the reduction function yet. Since the integrity of the zirconia microstructure is held, as shown in Fig. 8 , it is considered acceptable the zirconia membrane serves an oxygen producing and relatively noncorrosive anode material in electrolysis process with COF if the applied voltage value does not exceed 2 V. In order to obtain metallic iron and minimize the corrosion of the molten slag to the zirconia membrane under the condition of this experiment, the applied voltage of 1.5 V seems to be advisable although higher the applied voltage is helpful to the FeO electrolytic reduction. However, it should be noted that the zirconia phase transformation caused by the molten slag not only leads to membrane degradation, but it also decreases process efficiency, which is adverse to electrolysis.
Conclusions
(1) The decomposition voltage of FeO in SiO 2 -CaOMgO-Al 2 O 3 slag was measured using the constructed electrolytic cell with COF by the linear sweep voltammetry at 1 723 K. The results show that decreased oxygen partial pressure in anode atmosphere can contribute to lower decomposition voltage of FeO in the slag.
(2) Under the same conditions, higher the applied voltage leads to better electroreduction effect of FeO in the molten slag. With the applied voltage not more than 1.5 V, electrolytic product is pure metallic iron, and iron dendrite is formed. With the applied voltage not less than 2 V, electrolytic product is ferrosilicon, and iron dendrite is broken.
(3) Typical degradation mechanisms of the zirconia membrane such as the leaching of the stabilizing agent into the slag and partial dissolution of zirconia grain are observed in this work. The phase transformation of zirconia grain and the slag penetration can induce an increase of electronic conductivity of the zirconia membrane. The corrosion of the molten slag to the zirconia membrane during electrolysis is evidently aggravated by large the applied voltage.
(4) In order to obtain pure metallic iron and minimize the corrosion of the molten slag to the zirconia membrane, the applied voltage of 1.5 V is advisable. 
